A graphene-based carbon ionic liquid electrode modified with gold nanoparticles was fabricated. The electrochemical response of the modified electrode toward celecoxib was studied by means of cyclic voltammetry and differential pulse voltammetry. The structural morphology of the modified electrode was characterized by a scanning electron microscopy technique and electrochemical impedance spectroscopy. The prepared electrode showed excellent electrocatalytic activity in the reduction of celecoxib in a phosphate buffer solution, leading to remarkable enhancements in the corresponding peak currents and lowering of the peak potential. The advantages are related to the unique properties of graphene and gold nanoparticles such as a large surface area and increased electron-transfer abilities. Differential pulse voltammetry was applied to the quantitative determination. The calibration curve was linear in the concentration range of 0.5 to 15 μM and the detection limit was about 0.2 μM (Sb/N = 3). The proposed electrochemical sensor was successfully applied to the determination of celecoxib in real samples.
Introduction
Non-steroidal anti-inflammatory drugs (NSAIDs) have been widely used to alleviate symptoms of arthritis, arthritisassociated disorders, fever, postoperative pain, migraine, and so on. 1 NSAIDs vary in their potency duration of action and mechanism of removal from the body. NSAIDs induce nuclear and life-threatening toxicity in the gastrointestinal tract. Prostaglandins are related chemicals that cause such side effects. Prostaglandins are produced within the body's cells by the enzyme cyclooxygenase (COX). There are two kinds of COX: cyclooxygenase-1 (COX-1) and cyclooxygenase-2 (COX-2). Out of the two isoforms of COX, COX-1 is responsible for mediating the production of prostaglandin. COX-2 is primarily associated with pain, fever and inflammation. 2 The more that NSAID blocks COX-1, the greater is the chance for the drug to induce ulcers. COX-2 selective NSAIDs have minimum drugrelated side effects since they spare COX-1 activities. Celecoxib (CEL), 4-[5-(4-methylphenyl)-3-(trifluoromethyl)-1H-pyrazol-1-yl] benzene sulfonamide, is one of the selective inhibitors for COX-2, and is used for relief from symptoms of ankylosing spondylitis. 3 It is important to develop simple and suitable analytical methods for the quantitative determination of CEL.
Several analytical methods have been reported for the analysis of CEL in human serum, among which are voltammetry, 4 spectrophotometry, 5 thin-layer chromatography, 6 liquid chromatography, 7 solid-phase extraction and high-performance liquid chromatography, 8 micellar electrokinetic chromatography, 9 liquid chromatography-mass spectrometry, 10 high-performance liquid chromatography with UV 11 and fluorometric 12 detections. These methods usually possess low sensitivity, are time consuming, need large sample volumes and some of them require a preconcentration step.
Based on the above background information, it seems that a search for a new electrochemical sensor possessing high sensitivity with no need for a treatment or pretreatment process to prevent electrode fouling is still of prime importance. It is worth mentioning that electrochemical methods provide highly sensitive methods for the analysis of organic molecules, including drugs in pharmaceutical formulations and humanbody fluids owning to their simplicity, low cost and relatively short analysis time, as compared to the other routine analytical techniques, such as chromatography. Since celecoxib is an electroactive compound, which can be easily subject to reduction on different working electrodes, it can be investigated by electrochemical methods.
Ionic liquids (ILs), which are composed of organic cations and various anions, have been widely used in the fields of chemistry due to unique advantages, such as high chemical and thermal stability, negligible vapor pressure, high ionic conductivity, wide electrochemical windows and low toxicity. In recent years the carbon ionic liquid electrode (CILE) has aroused great interest due to its advantages, such as easy preparation, good reversibility, high sensitivity and ability to lower the over potential of electroactive compounds. 13 Graphene, is a flat monolayer of carbon atoms tightly packed into a two-dimensional (2D) honeycomb lattice, and can be considered as a basic building block for other kinds of graphitic materials, such as 0D fullerenes, 1D nanotubes or 3D graphite. 14 Because of their novel and fascinating properties, such as exceptional thermal and mechanical properties, as well as high electrical conductivity, graphene, as a ''rising star'' material 15 has been extensively studied for synthesizing nanocomposites 16 and fabricating various microelectrical devices, such as batterys, 17 field-effect transistors, 18 ultrasensitive sensors, 19 and electromechanical resonators. 20 Recent investigations have shown that graphene exhibits favorable electrochemical activity towards many analytes, and it minimizes passivation, improves high electrontransfer and avoides interferences in a wide range of electrochemical sensing and biosensing applications. 21 The unique structure and remarkable advantages of graphene make it an ideal candidate in fabricating the biointerface. However, as we know, only a few reports on the application of graphene to the field of immunosensors have been recognized. 22 However, as much as we know, the immobilization matrix combining graphene with AuNps, a class of nanomaterials for biointerfaces in immunosensors, 23 has not been explored up to now. Electrodepositing AuNPs onto the surface of the CILE was another strategy to enhance the sensitivity of the sensors. Much effort had been made to construct a sensor using a carbon paste electrode (CPE) modified with AuNPs. [24] [25] [26] [27] [28] In recent years CILE has aroused great interest due to its advantages, such as easy preparation, good reversibility, high sensitivity and an ability to lower the over potential of electroactive compounds. CILE is prepared by using ionic liquids as binders in the traditional CPE and modifiers in the CPE. In this paper, we describe an electrochemical procedure for the determination of low levels of CEL in pharmaceutical drugs and human serum, without any sample pretreatment. The surface of a graphene-based carbon ionic liquid electrode (GR-CILE) based on the use graphene and IL (1-ethyl-3-methylimidazolium hexafluorophosphate), as a suitable binder, was modified with electrodeposited gold nanoparticles (AuNPs/ GR-CILE), and used for CEL reduction. CILE has been reported as being a high-performance electrode with many good features and providing of high rates of electron transfer. 29, 30 Among a few IL that were available to us, such as 1-hexyl-3-methylimidazolium hexafluorophosphate (liquid), n-butyl-4-methylpyridinium tetrafluoroborate and (1-ethyl 3-methyl imidazolium hexafluoro phosphate (EMIMPF6) were used. The maximum of the response and the stability of the electrode was observed when the IL EMIMPF6 was used. The melting point of IL EMIMPF6 is 58 -62 C, and was stable at the room temperature.
Experimental

Reagent and apparatus
All reagents were of the highest purity available from Merck and Fluka chemical companies, and used without further purification. Celecoxib was provided by Amin pharmaceutical company (Esfahan, Iran). A stock standard solution of CEL (0.01 M) was prepared in methanol and stored in dark bottles at 4 C. The stock solutions were diluted using methanol to prepare the required concentration of CEL. Paraffin, graphite powder (mesh size <50 μm), hydrazine and ion liquid EMIMPF6 were supplied by Merck. All of the electrochemical studies were carried out in 0.1 M phosphate buffer solution (PBS), and also as a supporting electrolyte. Distilled deionized water was used throughout. Nitrogen (99.99%) was used to remove dissolved oxygen.
Electrochemical experiments were performed with a computer controlled μAutolab electrochemical system (Eco-Chemie. Utrecht, Netherlands) equipped with GPES software. Cyclic voltammograms of CEL in a PBS of 7.4 were recorded at a scan rate of 30 mV s -1 from -0.5 to -2 V. All solutions were deaerated by bubbling nitrogen prior to the experiments, and the electrochemical cell was kept under a nitrogen atmosphere throughout the experiments. The electrochemical cell was assembled with a conventional three-electrode system consisting of a saturated calomel electrode (SCE) as a reference electrode and a platinum disk as a counter electrode and a AuNPs/GR-CILE as a working electrode. The surface morphology of modified electrodes was characterized with a scanning electron microscope (SEM, Philips XL 30).
Preparation of a modified electrode
Graphite oxide was synthesized from graphite by the Hummers method. 31 Graphene was prepared according to the literature. 32 The obtained graphite oxide (0.2 g) dispersed in 500 mL of deionized water and was exfoliated to graphene oxide under ultrasonic treatment for 1 h. The resulting homogeneous dispersion was mixed with 0.2 mL of a hydrazine solution and 0.5 mL of ammonia solution. 33 After being vigorously stirred for 30 min, a water bath (90 C) was launched for 3 h. The resulting mixture was filtered and washed to obtain the final graphene.
The traditional CPE was prepared by the hand-mixing of graphite powder with paraffin at a ratio 70:30 (w/w) in an agate mortar. Homogeneous carbon paste was packed into a cavity of a PVC tube with a diameter of 2 mm. Electrical contact was provided by a copper wire connected to the paste at the end of tube. A CILE modified with GR was prepared by the hand-mixing of graphite powder, graphene, paraffin and solid IL (EMIMPF6) at a ratio 6:1:2:1 (W/W) in an agate mortar, and heated to a temperature above the melting point of IL. The homogeneous paste was packed into a cavity of a PVC tube with an inner diameter of 2 mm. Electrical contact was provided by a copper wire connected to the paste at the end of tube to obtain the GR-CILE.
In order to electrodeposition gold nanoparticles on the GR-CILE, it was immersed into a 6 mM HAuCl4 solution containing 0.1 M KNO3 and 0.1 M H2SO4 (prepared in doubly distilled water, and deaerated by bubbling with nitrogen). A constant potential of -0.4 V versus SCE was applied for 400 s to obtain a modified electrode (AuNPs/GR-CILE). It was then washed with doubly distilled water, and dried carefully. The electrode surface was characterized by scanning electron microscopy, electrochemical impedance spectroscopy (EIS) and cyclic voltammetery (CV).
The effect of the gold electrodeposition time on the GR-CILE was studied in a solution containing 0.1 M KNO3, 0.1 M H2SO4 and 6 mM HAuCl4. As shown in Fig. 1A , the peak current response increased with the increment of the Au electrodeposition time and achieved the maximum value at 400 s while increasing of the Au electrodeposition time from 400 to 600 s, and the current decreased gradually. Therefore, an optimized Au electrodeposition time (400 s) was used in subsequent experiments.
SEM images of the gold electrodeposited modified electrode shows nanoparticles with a dimension in the range of 20 -120 nm (Fig. 1B) , and the maximum frequency was 80 nm (Fig. 1B) .
Results and Discussion
Characteristics of the modified AuNPs/GR-CILE
The response of a modified electrode is related to its physical morphology. The SEM of CPE, CILE, GR-CILE and AuNPs/ GR-CILE are shown in Fig. 2 . Significant differences in the surface structure of CPE and CILE can be observed. The surface of the CPE was predominated by isolated and irregularly shaped graphite flakes, and separated layers were seen (Fig. 2A) . The SEM image of CILE shown a more uniform surface, and no separated carbon layers could be observed in Fig. 1B and SEM of GR-CILE showed in Fig. 2C . After those AuNPs were electrodeposited on the surface of GR-CILE (Fig. 2D) , it could be seen that AuNPs minimized the barrier of the electron transfer between layers, and that the surface had a large surface area.
EIS provides information on the interface of the electrode surface during the modification process. By using 3 mM [Fe (CN)6] 3-/4-redox couples as an electrochemical probe and 0.1 M KCl solution, Nyquist plots of different modified electrodes were recorded. The results are shown in Fig. 3A .
The charge-transfer resistance (Rct) value of the CILE was 490 Ω (curve 1). Since GR could greatly enhance the conductivity of the electrode, the Rct value for GR-CILE was decreased to 245 Ω (curve 2). After modifying of the GR-CILE with AuNPs, a nearly straight line with a decreased Rct to 190 Ω was appeared (curve 3). The synergistic effect of GR and AuNPs on the modified electrode effectively increased the conductivity of the electrode, and promoted an electron-transfer rate and reduction of CEL. Randles model was used as an equivalent circuit to fit all of the data of electrochemical impedance measurements (insert in Fig. 3A) . Here, Rs, Rct, Q and Zw represented the ohmic resistance of the electrolyte solution, the electron transfer resistance of the redox, constant phase element and the Warburg impedance, respectively.
Electrochemical studies of CEL at the AuNPs/GR-CILE
An electrochemical investigation of different modified electrodes was performed in a pH 7.4 PBS containing a 100 μM CEL solution with a cyclic voltammetry technique, and the results are shown in Fig. 3B . The bare CPE (curve 1) and CILE (curve 2) show no response towards CEL reduction. After the electrodeposition of AuNPs on the surface of CILE, the reduction peak current increased (curve 3), which was due to an enhanced conductivity and larger surface area of the electrode. After the addition of graphene to the ionic liquid matrix paste and the electrodeposition of AuNPs on the surface of the electrode, the reduction peak current of CEL greatly increased (curve 4), which was due to the presence of GR with excellent electric conductivity and a fast electron-transfer rate characteristic in the matrix and AuNPs on the electrode surface, too.
The resulting cyclic voltammograms shown in Fig. 4A indicate that the electrochemical reduction of CEL is represented by a cathodic peak at -1.1 V, so that the corresponding reductive reaction is in direct correlation with the increased drug concentration in the solution. As is quite obvious from the inset of Fig. 4A , it was found that the intensity of the reductive peak current of CEL (located at -1.1 V, under a scan rate of 30 mV s -1 ) is a linear function of the drug concentration in the range of 20 -150 μM. The strong catalytic activity of the graphene and AuNPs deposited on the GR-CILE surface resulted in a greater reduction peak current of CEL, and a higher sensitivity for its detection at a relatively low overpotential. However, the bare CILE did not show any significant response in the studied potential range.
Effect of the pH
The effect of the pH on the electrochemical detection of CEL was also examined by CV in PBS having different pH values. Cyclic voltammograms were recorded in 0.1 M PBS of different pH from 3.0 to 10.0 in the presence of 100 μM CEL. The peak potential for the reduction CEL showed a linear negative shift for the variation of the cathodic peak potential with increasing the solution pH, which indicate that the pH of the medium stimulated the involvement of H + ions in the electrode reaction process. Therefore, based on the pH study results thus obtained, a biological pH of 7.4 was selected as the best value to obtain the most sensitive results in further studies.
Effect of the scan rate
The effect of the scan rate was studied on the electrochemical behavior of CEL on a AuNPs/GR-CILE in the range of 15 to 200 mV s -1 (15, 25, 30, 40 , 50, 60, 70, 100, 125, 150, 200 mV s -1 ) (Fig. 4B) . Linear relationships were observed between the cathodic current and the square root of the scan rate (ν 1/2 ) with a correlation coefficient of 0.9909 (see insert of Fig. 4B ). Such linear behavior indicates that the electrochemical reaction rate is fast, and the reduction of CEL on AuNPs/GR-CILE is a typical diffusion-controlled process.
Differential pulse voltammograms were recorded at the 
Under the optimal conditions, the reduction peak current of CEL increased with its concentration in the range from 0.5 to 15 μM, and the detection limit was calculated by using the relation 3Sb/m, where Sb is the standard deviation of the blank. m is the slope of the calibration curve, found to be 0.2 μM. The limit of quantification (LOQ), which is defined as the minimum level at which the analyte can be readily quantified with accuracy (signal to noise ratio of 10:1), was then established with a value of 0.6 μmol/L. A comparison was made between previously reported values for determination of CEL, such as chromatography, 8 and the proposed method shows the superiority of AuNPs/GR-CILE such as being simple, low cost, rapid and without any treatment for CEL determination. Also, the proposed method was compared with voltammetric methods, too. 4, 34 The results confirm that the modified electrode retained its efficiency for the determination of CEL in pharmaceutical as well as serum samples for months without any significant divergence in its response.
Reproducibility, repeatability and stability
Eight electrodes fabricated independently showed an acceptable reproducibility with a relative standard deviation (RSD) of 4.26% for each 30 μM CEL determination. The RSD for each 30 μM CEL measurement (n = 10) was 2.60%, revealing the good repeatability of the proposed biosensor.
The stability and the repeatability of the AuNPs/GR-CILE were investigated by keeping the modified electrode at room temperature when not in use. Then, 97.3% of the initial current response was retained after 2 weeks of storage. The same AuNPs/GR-CILE was used for ten parallel determinations of a 50 μM CEL solution, and the RSD value was calculated as 3.6%, indicating that the electrode showed good repeatability.
Interference study
The possible interference of non-steroidal anti-inflammatory drugs for treating arthritis patients are aspirin, ibuprofen, naproxen and compounds in company with CEL, such as acetaminophen and diclofenac. These interferences were investigated by adding various drugs and some other compounds to a 0.1 M PBS of pH 7.4 in the presence of 50 μM of CEL. A 70-fold excess concentration of common drugs, such as aspirin, ibuprofen and naproxen, which are usually consumed in the presence of CEL, did not show any measurable interference in CEL detection. As for common interferences in biological samples for the determination of CEL, the influence of a 50-fold excess concentration of glucose and tyrosine were examined. In all cases, the change in the CEL signal was found to be below 7%, suggesting a high selectivity of the proposed method towards the determination of CEL.
Analysis of CEL in commercial capsule and serum samples
Fifteen capsules of celecoxib (celebrex 250 mg, Pfizer) were finely ground using an agate mortar and pestle. About 26.46 mg of the ground material, which is equivalent to 20 mg of the active pharmaceutical ingredient (API), was extracted into methanol in a 100-mL volumetric flask by vortex mixing, followed by ultrasonication. The resultant mixture was filtered through a 0.45-mm membrane filter. The filtrate was used as a stock solution for preparing test solutions. Triplicate test solutions were prepared, each of which contained up to 1 mL each of the stock solution in 5 mL of methanol and PBS (pH 7.4).
This solution would correspond to an API concentration of 0.0401 mg/mL. Similar experiments were carried out by weighing 66.16 mg (equivalent to 50 mg of the API) and 105.86 mg (equivalent to 80 mg of the API) to prepare two more test solutions, which would contain API at concentrations of 0.1002 and 0.1604 mg/mL solutions, respectively. The average results of five replicate measurements expressed as the confidence interval for 95% probability were obtained for determination CEL in commercial capsule using the proposed method (summarized in Table 1 ).
For analysis CEL in a serum sample, and in order to precipitate proteins from a blood serum sample that interferes in these measurements, a saturated ammonium sulfate solution was added to the blood serum sample. Then, the mixture was centrifuged. The supernatant solution on the vial was separated and filtered. This procedure was repeated several times (in this experiment four times) until a clear solution was obtained. 35 Appropriate volumes of this supernatant were transferred into 25 mL volumetric flasks and diluted to the mark with 0.1 M PBS of pH 7.4. The analyses were carried out using a standard addition method. The CEL content of the solution was determined by the proposed electrode ( Table 2) .
Comparison of the sensitivity of AuNPs/GR-CILE with that of other methods
In Table 3 the linear calibration range, limit of detection and real sample of several previously published methods 34, 36 are compared with those of the proposed AuNPs/GR-CILE electrochemical sensor for the determination of CEL. The proposed electrochemical sensor possesses a short response time, low cost, and could be used for months without any significant divergence in its response in a real sample. This sensor is suitable for the routine analysis of CEL in real samples to monitor their therapeutic or toxic levels as well as for pharmacokinetic studies.
Conclusions
In this study, the electrochemical reduction of CEL at AuNPs/ GR-CILE was studied in phosphate buffer. AuNPs/GR-CILE serves as an efficient voltammetric sensor in terms of sensitivity, selectivity and repeatability. GR and AuNPs contribute to its efficiency, while leading to a lowering of the reduction peak potential and a marked enhancement in the peak current compared to the CILE electrode. In addition, the stability, high selectivity and sensitivity that the AuNPs/GR-CILE possessed means that the method could be a promising way for determination CEL in real samples. 
